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Abstract We study the mobility and interaction under competing conditions observed for
copper (Cu2+) and zinc (Zn2+) ions in the context of laboratory-scale experiments performed
in natural soil columns. The experiments focus on the analysis of solute breakthrough curves
(BTCs) obtained after injection of an aqueous solution containing similar concentrations of
the two metal ions into a soil column fully saturated with double deionized water. Transport
of the competing ions is tested for the same soil under aerobic and anaerobic conditions.
Measurements show that the species with lower affinity for the soil, Zn2+, migrates occupy-
ing all available adsorption sites, and is then progressively replaced by the ion with higher
affinity, Cu2+. The two ions are displaced in the system with different effective retardation.
The slowest species replaces the sorbed ions, resulting in observed Zn2+ concentrations
that display a non-monotonic behavior in time and which, for a certain period, are larger
than the concentration supplied continuously at the inlet. In the absence of a complete geo-
chemical characterization of the system, we show that the measured concentrations of both
metals can be interpreted through simple models based on a set of coupled partial differential
and algebraic equations, involving a small subset of aqueous and adsorbed species that are
present in the system. Depending on the model considered, the relationship between aque-
ous and adsorbed ion concentrations is described at equilibrium by a Gaines–Thomas (GT)
formulation, a competitive Sheindorf–Rebhun–Sheintuch (SRS) isotherm, or an Extended
Langmuir (EL) isotherm, respectively. The GT formulation provides the best interpretation
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of the observed behavior among the models tested. We find that employing these simple
models, which account only for the main governing reactive processes, allows reasonable
estimation of the observed BTCs in experiments where only partial geochemical datasets are
available.
Keywords Heavy metal competition · Column experiments · Modeling
Abbreviations
GT Gaines–Thomas
SRS Sheindorf–Rebhun–Sheintuch
EL Extended Langmuir
ICP-MS inductively coupled plasma mass spectrometry
BTC breakthrough curve
ADE advection–dispersion equation
1 Introduction
The presence and fate of heavy metals in soils is of significant health and environmental
concern because of potential high toxicity to humans and the devastating effects that result
from direct and indirect exposure of ecosystems to metals (Selim and Sparks 2001). Such
effects can be observed in the impact of metals on biodiversity and on the decreased value
of ecosystem services (McCormick and Cairns 1994; Teuchies et al. 2012).
Changes in environmental conditions (redox potential, pH) affect transport of heavy met-
als in the subsurface (Altmann and Bourg 1997; Cornu et al. 2007; Kerner and Wallmann
1992). Non-linear reversible sorption of metals to the soil matrix is a key process, resulting
in partitioning of the metal mass between an adsorbed and a dissolved phase. Moreover, the
adsorption properties of a given metal in the presence of other metal(s) and/or organic lig-
ands are often different from those of the individual metal (e.g., Malandrino et al. 2006). This
occurs because in the presence of a finite number of adsorption sites, there is strong compe-
tition among sorptive ions for the same sites. These dynamics strongly affect the transport
(mobilization and migration) of metals in porous media (Antoniadis et al. 2007; Voegelin
et al. 2001).
Several studies have focused on competitive sorption of metals in batch tests (Saha et al.
2002; Srivastava et al. 2005; Liao and Selim 2009; Bianchi Janetti et al. 2012). Such exper-
iments provide incomplete information and do not fully capture solute transport dynamics,
as analysis of metal retention from batch tests results in biased estimates as compared to
flow-through experiments under competitive conditions (Seuntjens et al. 2001; Atia et al.
2005; Antoniadis et al. 2007; Seo et al. 2008; Rubin et al. 2012). One should note that
batch experiments represent only a single point or a line of a multidimensional geochemical
system (Jakob et al. 2009). This suggests that transferring parameters from batch experi-
ments to flow-through conditions should be performed with great care, because it might
lead to inadequate estimates of the space-time evolution of concentration in a flowing
system.
Metal transport and competitive retention dynamics under flow-through conditions in
natural soils have been the subject of several investigations focused mainly on geochemical
characterizations (Tyler and McBride 1982; Voegelin et al. 2000; Voegelin et al. 2001; Bianchi
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et al. 2003; Fontes and Gomes 2003; Tsang and Lo 2006; Antoniadis et al. 2007; Seo et al.
2008). A common mechanism of metal retention is the binding of cations with negatively
charged surfaces (e.g., clay particles or organic matter which are present in the soil). These
links, known as non-specific sorption, are relatively weak and can be broken by ions having
higher affinity with the soil surface. Cation exchange in groundwater is one of the dominant
surface reactions that occur in natural aquifers and for this reason it has been studied widely
over the years (references can be found in Sanchez-Vila and Bolster 2009).
A particularly interesting phenomenon due to cation competition in the presence of a
finite number of sorption sites is known as the “snow-plow” effect. It is defined as the
removal of adsorbed ions from soil particles by an incoming solution with relatively higher
solute concentration. Due to this phenomenon, the concentration of one species may exceed
the value of the (constant) input concentration to the system. This phenomenon has been
documented and studied from a theoretical point of view, both in laboratory experiments
(Starr and Parlange 1979; Barry et al. 1983; Selim et al. 1992; Hinz and Selim 1994; Appelo
and Postma 1999; Brooks et al. 1996; Gu et al. 2005; Mao et al. 2006) and under field
conditions (Valocchi et al. 1981). A similar phenomenon, known as “overshooting,” has also
been observed in the context of biosorption of heavy metal ions from aqueous solutions onto
a biomaterial (e.g., Kratochvil and Volesky 1998; Figueira et al. 2000; Naja and Volesky
2006; Hawari and Mulligan 2007). This can lead to mobilization and spreading into the soil
of metal concentrations which are larger than those supplied at the input.
The impact of various parameters on metal retention in soils under experimental condi-
tions (e.g., ionic strength, pH, concentration of anions/cations, presence of organic ligands,
concentration of competitive metals, soil/solution ratio) has been widely investigated (e.g.,
Harter and Naidu 2001 and references therein). Nevertheless, direct evidence of the conse-
quences of redox condition variations on (competitive) metal retention in natural soils under
flow-through scenarios is only marginally documented and still poorly understood.
Several complex sorption models that provide a detailed accounting of a large number of
processes taking place in a multispecies system are available in the literature. However, a large
amount of data is usually required to apply these models, including a detailed description
of chemical and mineral composition of solution and porous media as well as identification
of numerous reaction constants (Zhang and Selim 2007; Nitzsche et al. 2000). In many real
situations, such a detailed dataset is not available, with the exception of a few well-controlled
experiments performed for research purposes. Yet, study of incomplete geochemical datasets
of the kind available in actual field scenarios could provide useful insights into specific
problems, provided that the main reactions can be identified and represented with reduced
models accounting for only a few key chemical species.
In this work we present new experimental data on competitive Cu–Zn sorption on a nat-
ural soil under different redox conditions. The practical relevance of this system lies in the
observation that these species are important in soil pollution scenarios, as well as in produc-
tion activities such as, e.g., copper mine industrial applications (e.g., Yaron et al. 2012 and
references therein). A Mediterranean red sandy clayey slightly alkaline soil with 16.2 % clay
and 1.2 % organic matter content was used in the experiments. We found that overshooting of
metal concentration can also be observed due to (a) different affinities between metal and soil,
and (b) the occurrence of different retardation factors in the competing ions when solutes are
injected simultaneously at similar concentrations. Note that one would not expect to observe
snow-plow effects if the two metals were injected consecutively with the range of concentra-
tions employed in the experiments. This finding is relevant in the interpretation of pollution
episodes taking place following simultaneous release in the groundwater of different metals
at similar concentrations.
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Table 1 Characterization of the Bet Dagan soil columns used in the experiments
pH 7.0 Initial content of Cu (mg/g) 0.010
Porosity 0.6 Initial content of Fe (mg/g) 20.17
C EC (meq/100g)a 4.32 ± 0.47 Column length (cm) 20
Clay fraction 16.2 % Column internal diameter (cm) 2.5
Silt fraction 6.3 % Bulk density (g/cm3) 1.6
Sand fraction 77.5 % Flow rate (mL/min) 2.0
Organic carbon content 1.2 % Dispersion coefficient (cm2/min) 0.1
Initial content of Zn (mg/g) 0.413
aCEC was measured at pH 7 under batch conditions
The reported breakthrough curves of the two metals are then modeled and reproduced
by means of a simple reactive transport model which accounts only for a reduced set of
chemical species. The description of the competitive sorption is performed through a set of
algebraic equations involving the dissolved and sorbed species which are required to close
the mathematical system of equations. Several alternatives are available in the literature,
including semi-empirical equations that can be used to avoid the need to account for the
thermodynamics of the complete multispecies system. Here, we consider three such empir-
ical relationships and show that they can indeed be adopted for the interpretation of cation
exchange competition for the conditions we analyze.
2 Materials and Methods
2.1 Soil and Solution
Sandy clay soil samples were collected at Bet Dagan (coastal zone of Israel) from the upper
10 cm layer, air dried, and sieved to 250 μm. Vertical Plexiglas columns (20 cm length
and 2.5 cm internal diameter) were packed homogeneously with 150 g of soil. After packing,
the soil within the column had a porosity of 0.6 and a bulk density of 1.6 g/cm3. Afterward,
the column was filled with water with a known chemical signature. Table 1 reports soil
composition and additional parameters that are required for the simulations described in the
following Sections.
The initial content of Cu2+ and Zn2+ in the soil samples was estimated through a set of
batch experiments, each performed in duplicate to assure reproducibility. A sample of 1 g of
soil was added to 40 mL of double deionized water and mixed for 24 h. The soil solutions were
then filtered and analyzed by ICP-MS (the procedure is reported in the following section).
The analyses revealed that no metal ions were extracted from the soils (see Table 2). A second
experiment was performed by adding 1 g of soil to 40 mL of 10 % HNO3 solution. Only a
negligible amount of Zn2+ was extracted from the soil in this second set of tests. It is noted
that no acidic solution was later employed during the flow-through experiments.
The outlet solution was collected by a fraction collector and analyzed also by ICP-MS.
Handling, collection, and preparations of solutions were done with ICP-suitable labware to
avoid contamination. The initial solutions were obtained by dissolving a given quantity of
copper chloride and zinc chloride in a solution of 3 mM CaCl2 to maintain constant ionic
strength throughout the experiments. The pH was monitored for the inlet and outlet solutions
during the experiment and was neither further manipulated nor kept constant (e.g., by adding
a buffer solution) during the experiments.
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Table 2 Amount of metal extracted from soil samples on the basis of batch experiments
Solution Replicate qZn(mg/g) qCu(mg/g)
DDW I 0.000 0.000
DDW II 0.000 0.000
HNO3 10 % I 0.413 0.010
HNO3 10 % II 0.411 0.009
Here, qZn and qCu, respectively, represent the amount of Zn2+ and Cu2+ extracted (in mg per g of soil);
DDW denotes double deionized water
2.2 Description of the Experiments
2.2.1 Conservative Experiment
An experiment was first performed to estimate the dispersive features of the system, using
bromide as a conservative tracer. Four pore volumes of a solution containing a 5.01 mmol/L
(400 mg/L) Br− concentration were injected at the column inlet, at a constant flow rate of
2 mL/min. The outlet solution was sampled at fixed time intervals and Br− concentration was
then inferred from electrical conductivity measurements.
2.2.2 Reactive Experiments
Reactive transport experiments were performed to study the mobility and interaction of Cu2+
and Zn2+ ions in the presence of the selected soil matrix. A constant flow rate of 2 mL/min of
a mixed solution containing 1.55 mmol/L of Cu2+ and 1.77 mmol/L of Zn2+ (corresponding
to the same initial concentration of 100 mg/L for each metal) was applied. The choice of metal
concentrations and flow rate were based on preliminary batch and flow-through experiments
to allow (a) good delineation of the BTCs, and (b) a manageable experimental time frame.
The described test case was run first under aerobic conditions and then repeated under
anaerobic conditions. Soils with Eh<300 mV can be considered anaerobic (Inglett et al.
2005). Anaerobic conditions were achieved by inserting the complete experimental set up in
a glove box (Coy) with atmospheric composition 95 % N2 and 5 % H2. The use of hydrogen
is a standard procedure to keep the chamber oxygen-free; palladium catalysts are included
to force any oxygen penetrating the chamber to react with H2 to produce water. Before
injecting the metal solution, each column was flushed for 2 h (equivalent to 4 pore volumes)
with double deionized water in equilibrium with the anaerobic chamber atmosphere. Each test
was performed in duplicate to assure reproducibility and six replicates of all measurements
were taken. Element concentrations were measured by ICP-MS (PerkinElmer Ellen 9000),
with a limit of quantification < 1 μg/L, and samples were diluted to fit concentrations in the
range of 1 − 1000 μg/L.
Calibration curves were determined and the sensitivity of the measurements was checked
against standard solutions. Figure 7 (Appendix 1) shows the complete set of results docu-
menting the measured BTCs obtained for the experiment performed under aerobic conditions
and illustrating the reproducibility of the data. Results relative to anaerobic condition (not
reported) displayed very similar degree of reproducibility. All plots presented throughout the
paper show the average of the ICP-MS measurements of the two experiments, plus the error
bars associated with each experimental datum (estimated on the basis of the six replicates)
for all runs and analysis.
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2.3 Modeling Approach
We interpret the experimental behavior using three different models based on a set of coupled
partial differential and algebraic equations, involving both aqueous and adsorbed species. We
assume that the main process governing the system is that of cation competition for a finite
number of sorption sites. We consider the flow rate to be sufficiently slow to assume that
sorption and cation exchange reactions are instantaneous (Valocchi et al. 1981; Voegelin et
al. 2000; Voegelin et al. 2001). Under this assumption of local chemical equilibrium, the
relationship between aqueous and adsorbed ion concentrations can be described by a number
of semi-empirical relationships such as the Gaines–Thomas (GT) formulation (McBride
1994; Sparks 1995), the competitive isotherm SRS (Sheindorf–Rebhun–Sheintuch) model
(Sheindorf et al. 1981), or the Extended Langmuir (EL) model (Yang 1987).
The adoption of a GT-based approach is based on an extension of the work of Sanchez-Vila
and Bolster (2009). We assume that the aqueous concentrations of Cu2+ (hereafter termed C1)
and Zn2+ (hereafter termed C2) depend on the dynamics of the concentration of all cations
present in the system. Since detailed information on the concentration dynamics of such ele-
ments was not available for the experiments, we define in our model a mobile concentration,
C3, to account for the entirety of these elements. This modeling approach is consistent with
typical applications where only limited information (e.g., pH and concentration of the metal
ions) is available. Note that the characterization of the Bet Dagan soil (see Table 1) reveals
a high initial Fe content (20.17 mg/g) in the soil sample. However, neither Fe nor any other
metal was measured in the inlet or outlet samples collected during the experiments.
An additional modeling assumption is that sorption of C3 is described by a linear isotherm.
This choice is based on the principle of parsimony, according to which the simplest model
is selected in the absence of information content which justifies otherwise. The following
equations (extended from Sanchez-Vila and Bolster 2009) govern the system evolution under
the scenario analyzed
∂Ci
∂t
+ γ
zi
∂βi
∂t
= L(Ci ); L(Ci ) = −q ∂Ci
∂x
+ D ∂
2Ci
∂x2
; i = 1, 2, 3; (1)
β1 + β2 + β3 = 1 (2)
K12 =
(
β1
C1
)1/z1 (C2
β2
)1/z2
(3)
β3 = KaC3 (4)
Here, Ci (x, t) (M L−3) is the aqueous concentration of the i-th dissolved cation; βi (x, t) (–)
is the (normalized) equivalent fraction of the i-th exchange cation in the adsorbed phase; zi is
the valence (z1 = z2 = 2 in the experiments presented; for simplicity and without imposing
additional limitations to the methodology we consider z3 = 2); q (L T−1) is Darcy velocity;
φ (–) is porosity, D (L2 T−1) is the dispersion coefficient (which is assumed constant for all
times, location, and species), Ka (L mmol−1) is a distribution coefficient, and K12 (–) is a
partition coefficient.
The second term on the left side of (1) accounts for the exchange between the aqueous
and adsorbed phases. The constant γ is calculated from the cation-exchange capacity, CEC
(generally expressed in meq/100 g), bulk density, ρb (M L−3), and porosity, as
γ = C EC ρb
φ
(5)
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Equation (3) is termed in the literature as the Gaines–Thomas (GT) convention (Gaines and
Thomas 1953). The GT model has been successfully employed to describe competitive metal
transport governed by ion exchange (e.g., Vulava et al. 2000; Voegelin et al. 2001).
Initial and boundary conditions for the transport equations are
Ci (x, t = 0) = Cn,i i = 1, 2, 3 (6)
Ci (x = 0, t) = C0,i i = 1, 2, 3 (7)
∂Ci
∂x
(x = L , t) = 0 i = 1, 2, 3 (8)
Here, Cn,i (M L−3) is the aqueous concentration of the i-th component in the native solution;
C0,i (M L−3) is the concentration of the i-th component in the inlet solution; L is column
length. Initial and boundary conditions for component 1 and 2 are known from the exper-
imental setup. The initial conditions adopted imply that no Zn2+ or Cu2+ions are found
in solution within the column at the beginning of the experiment. As there is no available
information on the initial fraction of occupied sites at the beginning of the tests, we assume
that C3(x, t = 0) is a calibration parameter (indicating that the equilibrium implied in (2) is
not satisfied at time t = 0).
Additional calibration parameters are Ka, K12, and CEC. These three parameters are
typically estimated through batch experiments. Instead, we prefer to consider them as cal-
ibration parameters because of the reported bias in the parameter estimates from batch and
flow-through experiments. The set of Eqs. (1)–(4) are solved numerically using a decoupling
procedure. All of the relevant mathematical steps are reported in Appendix 2.
In the second modeling approach considered here, we assume that aqueous and adsorbed
ion concentrations are related by a competitive sorption isotherm. As indicated previously,
we chose two different models, i.e., the SRS competitive isotherm and the EL model. The
system is, therefore, governed by
∂Ci
∂t
+ ρb
φ
∂Si
∂t
= L(Ci ) L(Ci ) = − q
φ
∂Ci
∂x
+ D ∂
2Ci
∂x2
i = 1, 2 (9)
where S1, S2 (–) represent mass sorbed per unit mass of soil. Equation (9) is then coupled to a
selected isotherm. Here, we consider either the SRS (10) or the EL (11) models, respectively,
represented by
Si = K F,i Ci
⎛
⎝ N∑
j=1
αi j C j
⎞
⎠
ni −1
; i = 1, 2; N = 2 (10)
Si = qmax KE L ,i Ci
1 + ∑Nj=1 KE L , j C j ; i = 1, 2; N = 2 (11)
The SRS model (10) is an extension of the single component behavior as described by
Freundlich (1906). The parameters K F,i and ni are the Freundlich constants and exponents
of the single component isotherm of metal species i . For simplicity, we consider that different
ions compete only for adsorption sites. This corresponds to setting the competition parameters
αi, j to be symmetrical (i.e., αi, j = 1/α j,i ), as originally proposed by Sheindorf et al. (1981).
When other effects are considered relevant, such as electrical effects following ion penetration
to soil grain surfaces, one might fit independently the two competition parameters (e.g.,
Barrow et al. 2005). Parameters K F,i , ni and αi, j are calibrated against experimental data.
The EL model (11) has the same functional format of its single component counter-
part (Langmuir 1918). The parameter qmax (mmol kg−1) represents the maximum adsorp-
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Fig. 1 Observed (symbols) and fitted (solid curve) bromide breakthrough curve. The model adopted is the
conservative advection–dispersion equation
tion capacity, i.e., the saturation of all sorption sites, and K E L ,i (L mmol−1) represents the
adsorption rates of the metal species. Parameters K E L ,i , and qmax are calibrated against
experimental data. The set of two coupled equations, either (9) and (10) or (9) and (11), is
solved numerically to obtain the space-time distribution of C1 and C2. Initial and boundary
conditions for the transport problem are defined in (6), (7), and (8) with i = 1, 2.
All parameters appearing in the three models presented are considered to be independent
of pH. This choice was motivated by the constraint that available pH measurements were
not sufficient to lead to estimated regression curves expressing the functional dependence of
parameters on pH without resulting in model over-parametrization.
3 Results and Discussion
Figure 1 shows the breakthrough curve of bromide measured during the conservative transport
experiments. Modeling results, obtained via the traditional advection–dispersion equation
(ADE), are also reported in the figure for completeness. The estimated dispersion coefficient
was 0.1 cm2/min (corresponding to a Peclet number of 133). This calibrated value was then
adopted as an input parameter in (1) and (9). Porta et al. (2012) and Sanchez-Vila et al. (2010)
provide theoretical and experimentally based evidence that modeling transport problems
related to homogeneous chemical reactions via a model based on the advection–dispersion-
reaction equation should entail calibrating different dispersion coefficients for reactive and
conservative transport experiments. Similar evidence is provided by Rubin et al. (2012) for
non-Fickian transport with sorption. The reader is also referred to Edery et al. (2012) for
a recent review on the interpretation of reactive transport experiments via continuum-scale
modeling. In our case, we did not notice any substantial differences in the quality of the
modeling results nor in the estimated values of the dispersion coefficient by calibrating the
latter against conservative or reactive transport experiments (not shown). Therefore, we used
the value of D calibrated from the conservative species data in our modeling of the reactive
transport BTCs.
Breakthrough curves obtained when Cu2+ and Zn2+ ions were injected simultaneously at
the column inlet are presented in Fig. 2a. Experiments performed under aerobic and anaerobic
conditions are displayed. Concentrations measured at the column outlet are reported as a
function of pore volumes eluted. The experiment lasted approximately 100 pore volumes
(where 1 pore volume corresponds to about 30 min).
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Fig. 2 Temporal evolution (symbols) of metal concentrations eluted from soil column under aerobic and anaer-
obic conditions. a BTCs of Cu2+ and Zn2+ injected simultaneously into the soil column; the (constant in
time) inlet concentrations, C0,Cu = 1.55 mmol L−1, C0,Zn = 1.77 mmol L−1, are shown for reference (dot-
ted lines). Error bars corresponding to twice the standard deviation (associated with measurement replicates)
are reported in this and subsequent plots. Model predictions (solid curves) are based on the GT formulation,
under aerobic and anaerobic conditions. Calibrated parameters employed in the model are reported in Table 4.
b Temporal variation of pH in the outlet solution; pH of the inlet solution (dotted line) is also shown
Owing to its low affinity for the soil, Zn2+ is observed to advance faster through the
column as compared to Cu2+. The initial breakthrough occurs at 18 and 32 pore volumes,
respectively, for Zn2+ and Cu2+ for aerobic conditions, and 21 and 40 pore volumes for
anaerobic conditions. The Zn2+ concentration in the outlet solution attains the inlet value
after around 60 pore volumes for both conditions. In contrast, Cu2+ concentrations measured
at the outlet increase monotonically up to 90 % of the inlet concentration value, even after 100
pore volumes. We hypothesize that this is caused by precipitation of Cu minerals, which were
found in the column at the end of preliminary tests, and identified by X-ray diffraction (XRD)
as anarakite ((Cu,Zn)2(OH)3Cl) and atakamite (Cu2Cl(OH)3). Additional precipitates, not
detected, may also have existed in the column. To check this hypothesis, we calculated
saturation indices for the initial solution (at pH 5.1) and for the solution corresponding to the
peak value of Zn+ concentration (at pH 6.1) by means of the program Visual Minteq (http://
www2.lwr.kth.se/English/OurSoftware/vminteq/). The complete set of results is reported in
Tables 5 and 6 of Appendix 3. It is noted that the only index higher than unity in Table 5 is
that relative to atakamite, suggesting that precipitation of this mineral is possible (as indeed
found in the experiments). On the other hand, no Zn mineral is expected to precipitate in the
system as all remaining saturation indices in Table 5 are below unity.
The experimental evidence can be explained by noting that the main geochemical processes
regulating heavy metal partitioning in the subsurface are adsorption and coprecipitation by
interactions with hydrous oxides of iron and manganese (Lack et al. 2002). Under anaerobic
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conditions most of the active iron is in Fe2+ form, mainly as a ferrous hydroxide gel complex
(Williams et al. 1971). Conversely, in natural porous media exposed to aerobic conditions,
iron is present in Fe3+ hydroxide form. Our experiments suggest that the largest amount of
both metals is retained by the soil under anaerobic conditions, consistent with the need for
metals to compete with available iron (e.g., Patrick and Khalid 1974).
It has been suggested (e.g., Kittrick and Lee 1984) that both zinc and copper often pre-
cipitate with associated elements rather than being sorbed to particle surfaces, and that both
metals sorb favorably under reducing conditions in soil. It should be noted further that other
processes can also be involved in the retention of metals under anaerobic conditions, such
as precipitation of sulfides (CuS or ZnS) resulting from the biotic reduction of sulphates,
transport in association with dissolved organic carbon, formation of carbonate phases due to
high levels of dissolved bicarbonate, or colloidal transport. However, because the Bet Dagan
soil is rich in Fe (see Table 1), we hypothesize iron reduction to be the prevailing condition
in the anaerobic system. It should be further noted that no additional nutrients to sustain
biological activity were provided in the inflow solution.
Dissolved organic carbon is considered to have little effect because of the number of pore
volumes (>20) that washed the column before any difference between aerobic and anaerobic
behaviors could be observed. Our findings show a shift in elution time of the two metals
and in the exchange dynamics between the competing metals. It is noted that the chemical
conditions within the column rule out the possibility that precipitation can be considered as a
major process affecting the experimental BTCs. In any case, because the outlet samples were
filtered (0.45 μm) to remove any particular matter before ICP-MS analysis, no precipitated
matter affected the measured concentrations. On this basis, we hypothesize that competitive
sorption is the key process of metal retention in the experiments. As we suggest below, this
is also coupled to different degrees of retardation associated with the mobility of Zn2+ and
Cu2+ ions in solution.
The Zn2+ concentration attains values larger than the inlet value C0,Zn after about 22
and 27 pore volumes under aerobic and anaerobic conditions, respectively. In both cases, the
peak time of the Zn2+ BTC corresponds approximately to the breakthrough point for Cu2+.
The occurrence of concentrations exceeding the value of the (constant) input concentration
to the system has been reported previously in studies considering metal sorption in natural
soil (e.g., Starr and Parlange 1979; Barry et al. 1983; Selim et al. 1992; Hinz and Selim 1994;
Appelo and Postma 1999; Valocchi et al. 1981; Voegelin et al. 2000). In these works the
solutions containing competing ions were injected in sequence through a fully saturated soil
column, the concentration of the first ion being much lower than that of the one subsequently
injected. The authors associated (and in most cases modeled) the observed peaks to the large
differences in concentration in the initial solutions of the competing ions. In our experiment,
instead, the composition of the initial solution is constant and the two competing ions are
injected simultaneously in the column and with similar concentrations.
We note that experimental BTCs measured for an additional experiment (not reported
here) which was performed by injecting consecutively the two metals in the column with
the range of concentrations employed in the experiments here documented did not give rise
to the hump observed in Fig. 2. Thus, the behavior we observe is of a completely different
nature, even though it is caused by the same physical process. The hump observed in the
Zn2+ concentration is related chiefly to the different retardation factors associated with the
competing ions. This finding is consistent with the results obtained by Zhang and Selim
(2007) for other types of elements (As and P). The observed overshooting of concentrations
is associated with the relatively lower affinity of Zn2+ for the soil (compared to that of Cu2+)
and is consistent with ion competition for the same sorption sites. It can be explained by
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Table 3 List of metal retained and eluted from the column for each experimental condition calculated from
mass balance at the end of the experiment
Test Zn2+
retained
(meq)
Zn2+
eluted
(meq)
Total Zn2+
injected
(meq)
Cu2+
retained
(meq)
Cu2+
eluted
(meq)
Total Cu2+
injected
(meq)
Aerobic 2.43 15.36 18.06 8.56 7.25 15.82
Anaerobic 2.65 15.43 18.08 9.86 5.97 15.83
considering that Zn2+ ions that are initially retained on the soil are subsequently replaced by
the retarded Cu2+ ions. These desorbed ions cannot occupy any other sites because all sites
have been previously occupied by other Zn2+ ions. This remobilization process results then
in a Zn2+ source. The effect is expected to increase with increasing length of the column.
The observation of concentration overshooting in our experiments is an independent con-
firmation that ion exchange is the main retention mechanism. It is important to note that
competitive ion exchange reduces the efficiency of the soil to retain the species with less
affinity and may eventually reduce the total sorption capacity of the soil.
The peak Zn2+ concentration under anaerobic conditions (corresponding to
C = 2.86 mmol L−1) is slightly larger than that observed in the aerobic experiment
(C = 2.78 mmol L−1). When superimposed to the relative delay of peak occurrence for the
anaerobic case, it indicates that a reducing environment provides more retention capacity for
Zn2+, delaying the breakthrough point. Thus, when Zn2+ is subsequently replaced by Cu2+,
the overshoot becomes slightly larger in the anaerobic than in the aerobic scenario.
From the measured concentrations at the column inlet and outlet, and invoking mass
balances, we evaluated the quantity of metals sorbed onto the soil after 100 pore volumes
(see Table 3) when the system has reached steady conditions. We associate this effect with
the counteracting effect of high Zn2+ retention before the peak, followed by higher release
for the anaerobic conditions.
Figure 2b shows the values of pH measured at the column outlet as a function of time.
Measurements show a constant value of 7.0 immediately after flow is initiated, due to the
buffering effect of the soil (pH of the soil solution is 7.0). A monotonic decrease of pH
is then observed starting at about 18 pore volumes, and consistent with the increase of
metal concentration at the outlet. The equilibrium value (pH ≈ 5.0, close to the pH of the
inlet solution = 5.2) is reached after about 60 pore volumes. Differences in pH between the
aerobic and anaerobic experiments are significant between 20 and 60 pore volumes. A strong
correlation is found between the solution pH and metal concentration at the outlet.
Modeling results showing solute BTCs based on the GT formulation are shown in
Fig. 2a, for both aerobic and anaerobic conditions. Parameters calibration was performed
in the context of Maximum Likelihood (e.g., Bianchi Janetti et al. 2012 and references
therein), assuming that measurement errors are independent, normally distributed and with
constant variance. Minimization of the problem was accomplished through the Nelder–
Mead algorithm for multidimensional unconstrained nonlinear minimization, implemented
in MATLAB (MATLAB 2011). The model successfully reproduces the observed sigmoid
shape of the Cu2+ breakthrough curve and the occurrence of the overshooting observed in
the Zn2+ BTC, for both environmental conditions.
In terms of the dynamics of Zn2+, the model provides a proper interpretation of the ini-
tial breakthrough, the shape of the BTC, and the time of the peak concentration for both
aerobic and anaerobic conditions. The magnitude of the Zn2+ peak concentration is slightly
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Fig. 3 Spatial distribution of Cu2+ and Zn2+ through the column after selected pore volumes of inlet solution
injection. Model predictions are based on the GT formulation under aerobic conditions. Calibrated parameters
used in this model are reported in Table 4
overestimated. This might be a reflection of the simplifying assumptions we adopted by
lumping the occurrence of dissolved ions into a single component (C3) subject to a lin-
ear sorption isotherm. However, we note that our interpretation based on simple modeling
concepts and equations can be considered adequate to interpret our experiments given the
available information.
The calculated spatial concentration profiles for Cu2+ and Zn2+, after 5, 10, and 20 pore
volumes, using the GT formulation are presented in Fig. 3. As noted in the discussion of
Fig. 2a, Fig. 3 shows clearly that Zn2+ advances through the column faster than Cu2+. The
figure indicates that the peak concentration of Zn2+ increases with time. The Zn2+ can
equilibrate between solution and soil faster than the Cu2+, and subsequent arrival of Cu2+
causes desorption of Zn2+. Then, it remains in solution because it cannot find additional
available sorption sites.
Figure 4 shows the temporal evolution of metal concentrations in solution and sorbed
phases, the latter being represented by βCu and βZn. Results are reported on the basis of
the GT model and under aerobic condition (qualitatively similar behavior - not shown - is
observed for the anaerobic experiment). For completeness, Fig. 4 also includes the variation
Si (i = Zn2+, Cu2+) of the total sorbed mass in the system.
No release is observed for either Zn2+ or Cu2+ at early times, suggesting that all of
the (continuously supplied) input mass remains in the system either as dissolved or sorbed
phase. The modeled amount of mass being sorbed is approximately linear with time (i.e.,
Si remains constant with time). The advancing Cu2+ ions causing Zn2+ desorption and
the Zn2+ mass exiting the system result in a strong temporal decrease of SZn2+. The latter
also attains a negative peak value coinciding with the peak of Zn2+ release. This peak also
coincides with the release of Cu2+ at the column outlet. It is observed that the fact that Cu2+
ions exit the system implies that (a) less mass is being sorbed per unit time so that SCu2+
displays a monotonic decrease toward zero; and (b) Cu2+ has less capability of competing
with Zn2+ so that the sorbed amount of Zn2+ tends toward a steady value. Both SZn2+ and
SCu2+ converge to zero at about 50 pore volumes, where the system can be considered to
be under steady geochemical conditions.
The GT model underestimates the initial breakthrough of Cu2+ by approximately 15 %
for both aerobic and anaerobic conditions, although the slope of the curves is properly
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Fig. 4 Temporal evolution of metal concentration based on the GT model (solid curves). Time behavior of
the coefficients βi (i = Zn2+, Cu2+) (dashed curves) and the total sorbed mass in the system ΔSi (i = Zn2+,
Cu2+) (dash-dotted curves) are also reported
represented. We already noted that Cu2+ concentrations observed at the column outlet reach
approximately 90 % of the inlet value even after 100 pore volumes. The fact that the model-
ing results attain the inlet concentration values after 60 pore volumes is consistent with the
explanation that the key mechanism for ion retention is cation exchange.
Model parameter estimates and their corresponding relative standard deviations (normal-
ized by parameter mean value), RSD, are reported in Table 4. The main parameter governing
the difference between aerobic and anaerobic conditions is the CEC, supporting the results of
Voegelin et al. (2000) who observe that the availability of sorption sites depends on a number
of factors, including redox conditions. The remaining parameters are essentially unaltered
when comparing aerobic and anaerobic scenarios. This is consistent with the shapes of the
BTCs being very similar for aerobic and anaerobic conditions, displaying only different retar-
dation. The estimated CEC value for the anaerobic experiment is found to be 17 % larger
than for that of the aerobic case.
Figure 5 shows the best set of calibrated model results obtained by interpreting the experi-
mental data on the basis of the SRS model. This model captures the initial slope of the curves
associated with the Zn2+ ions in both experiments, with slight retardation for the anaerobic
setting. It can be seen that the model fails to reproduce the observed concentration overshoot-
ing, most notably the peak value of Zn2+. With reference to the Cu2+ dynamics, the model
fails to predict the initial breakthrough and the slope of the curves, the modeling results being
more retarded and steeper than the observed data for both aerobic and anaerobic conditions.
Table 4 lists the model parameter estimates and their associated relative standard deviations.
The values of K F,Zn and K F,Cu estimated for the anaerobic experiment are, respectively,
15 % and 19 % higher than those estimated for the aerobic experiment. The estimate of the
coefficient αi j is 32 % smaller in the anaerobic experiment than in the aerobic one, suggesting
that the inhibition of metal sorption is stronger under anaerobic conditions.
The CEC parameter estimates and the associated relative standard deviations are reported
in Table 4. We calculated confidence intervals of calibrated model parameters of semi-width
equal to one standard deviation, σ , for aerobic/anaerobic experiments and the GT model based
on (1)–(4). We note that there is a slight overlap of the two confidence intervals, suggesting
that there is a non-negligible probability that the two parameters are statistically similar. This
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Table 4 Parameters estimated and associated relative standard deviations (RSD)
Model Parameter Units Aerobic Anaerobic
Mean RSD Mean RSD
GT CEC meq/100 g 18.033 0.098 21.873 0.140
KCuZn – 0.085 0.094 0.090 0.141
ka L mmol−1 0.808 0.031 0.814 0.052
C3(x = 0, t) mmol L−1 0.450 0.146 0.387 0.438
C3(x,t = 0) mmol L−2 3.815 0.040 3.866 0.047
SRS nCu – 0.927 0.045 0.893 0.064
nZn – 0.601 0.218 0.663 0.126
K F,Cu Ln1 mmol1−n1 kg−1 16.110 0.026 19.862 0.028
K F,Zn Ln2 mmol1−n2 kg−1 12.239 0.217 14.455 0.126
αi j – 0.010 0.277 0.008 0.128
EL qmax mmol kg−1 45.073 0.133 59.870 0.022
KE L ,Cu L mmol−1 1.204 0.252 1.147 0.026
K E L ,Zn L mmol−1 0.397 0.141 0.268 0.045
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Fig. 5 Experimental data (symbols) and model predictions (solid curves) based on the SRS formulation.
Calibrated parameters used in this model are reported in Table 4
finding highlights that the information content of the available data does not allow calibration
of sharply distinguishable parameter models for aerobic/anaerobic conditions. The estimated
CEC values range from 18 to 22 meq/100 g, and are less than an order of magnitude larger
than the value presented in Table 1 as derived from an independent batch experiment. Similar
discrepancies were observed by Seo et al. (2008, supplementary material) with reference to
the maximum soil adsorption capacity, and may be explained by a combination of retention
mechanisms that can occur in the column. Confidence intervals associated with the SRS
model parameters for the aerobic and anaerobic scenarios display a strong overlap, except
for the parameter K F,Cu which is associated with a very small relative standard deviation
(see Table 4).
Finally, Fig. 6 shows the results of the calibration procedure based on the EL model. It is
clear that this model does not capture all of the features of the observed experimental data
(we note that Barrow (2008) stated that the Langmuir model was not appropriate to describe
sorption of metals in soils). Notably, the slopes of the curves are not properly described for
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Fig. 6 Experimental data (symbols) and model predictions (solid curves) based on EL formulation. Cali-
brated parameters used in this model are reported in Table 4
the Cu2+ data. The peak of Zn2+ concentration is properly matched only for the aerobic
experiment. Confidence intervals associated with the EL model parameters for the aerobic
and anaerobic scenarios display a strong overlap only for the parameter K E L ,Cu.
4 Conclusions
We present the results of a suite of flow-through column experiments providing direct evi-
dence of competitive behavior between Cu2+ and Zn2+ ions injected simultaneously at sim-
ilar concentrations into a fully saturated natural soil. Our results document the occurrence of
“overshooting” of Zn2+ concentration in a natural soil for the tested experimental scenario,
and show that this phenomenon can be due to different affinities between metal and soil as
well as to the different retardation factors associated with migration of the competing ions
when solutes are injected simultaneously at similar concentrations.
Two environmental conditions (aerobic/anaerobic) are investigated, and their differences
in metal sorption and transport are highlighted. It is found that anaerobic conditions result
in decreased mobility of the two metals. However, these do not prevent Cu2+ (which has
the stronger affinity for the soil) from replacing Zn2+ on adsorption sites already occupied
by Zn2+. Disregarding the redox conditions and/or the effect of simultaneous or sequential
injection of metals within the system could lead to biased estimates of the adsorption capacity
of the soil and erroneous prediction of dissolved contaminant (dynamic) spreading in the
subsurface environment.
With regard to the modeling effort, our main conclusion is that under incomplete geochem-
ical system characterization, it is possible to model complex multispecies problems involving
metal competition by accounting only for the behavior of the major ions. This enables one to
simplify the problem by considering only a limited set of (reactive) transport equations and
completing the mathematical description of the problem through semi-empirical algebraic
relationships relating the dissolved and sorbed phases of these relevant metals. The effective
parameters associated with such models need to be calibrated against available observations.
Calibration resulted in relatively robust parameter estimates in the scenarios examined.
We found that the Gaines–Thomas formulation coupled with the individual (reactive)
transport equations is able to reasonably reproduce, in quantitative terms, the observed
system dynamics. In particular, the “overshooting” phenomenon is correctly identified by
the model and the slope of the BTCs is properly represented. The competitive SRS or EL
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isotherms coupled to the transport equation provide only a qualitatively consistent prediction
of the experimental behavior. While relying on the former model leads to significant under-
estimation of the peak Zn2+ concentration, adopting the latter formulation results in failure
to reproduce the observed dynamics of the Cu2+ ions.
The GT-based model calibration highlights that the main parameter governing the dif-
ference between aerobic and anaerobic conditions is the 17 % larger CEC value in the latter
case, confirming the importance of correctly estimating this parameter. However, the variance
associated with parameter estimates, calculated on the basis of available data, leads to the
conclusion that the proposed transport model embedding the GT formulation, while satis-
factorily representing the experimental results, is still too idealized to describe the difference
behaviors that arise under aerobic and anaerobic conditions.
An advantage of the approach we present is that it is based on a limited number of
transport equations and requires the calibration of a minimal set of parameters. This renders
the approach appealing in the absence of a complete characterization of the geochemistry of
the system. An additional feature of the approach is that the transport problem can be solved
by means of a semi-analytical methodology (as detailed in Appendix 2) without the need to
rely on existing numerical geochemical codes.
Resorting to a more complex modeling framework under the constraint of incomplete
characterization, as in the cases here explored, requires casting the modeling in the framework
of a multimodel analysis (e.g., Bianchi Janetti et al. 2012 and references therein). This would
allow discrimination among different models on the basis of the available information content
and number of calibration parameters. In the scenario examined, the available data content
does not justify selection of a more complex model. Ways in which the proposed approach
can be transferred to other scenarios will be explored in future research.
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Appendix 1
Each experiment was performed in duplicate to ensure reproducibility. Each measurement
was repeated six times to allow error quantification. Figure 7 shows the two replicates illus-
trating the degree of reproducibility of the experiment. The total experimental and analysis
error is represented in terms of error bars computed on the basis of the performed replicates.
Appendix 2
Note that, by way of (4), Eq. (1) for i = 3 can be written as(
1 + γ
z3
Ka
)
∂C3
∂t
= L(C3); L(C3) = −v ∂C3
∂x
+ D ∂
2C3
∂x2
(12)
Equation (12) is a classical one-dimensional ADE with constant (in space and time) retar-
dation and can be solved independently of the other equations. It provides the space-time
dependence of C3, i.e., C3(x, t), once a value of z3 (e.g., z3 = 2) is assumed. We then replace
C3(x, t) into (4) to obtain β3(x, t). This allows rewriting (2) as
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Fig. 7 Time dependence of concentration of metal ions eluted from the soil column under aerobic condi-
tion. The constant inlet concentrations, C0,Cu = 1.55 mmol L−1, C0,Zn = 1.77 mmol L−1, are shown for
reference (dotted lines). Error bars corresponding to ±2σ are reported, σ being the estimated standard
deviation of the performed measurement replicates. The two replicates of the same experiment are indicated
as I and II
β1(x, t) + β2(x, t) = 1 − β3(x, t) = A(x, t) (13)
Considering (1), we can introduce
u∗ =
3∑
i=1
Ci (14)
The quantity u∗ is a conservative component and satisfies a one-dimensional conservative
ADE. We then define u = u∗ − C3 = C1 + C2. Considering (2), (3), and (14), and noting
that z1 = z2 = 2, we can write β1 as a function of C1 according to (for simplicity, we drop
the space-time dependence from quantities)
K 212 =
(
β1
C1
)(
u − C1
A − β1
)
; K 212 A − K 212β1 =
(
u − C1
C1
)
β1
K 212 A =
(
u − C1
C1
+ K 212
)
β1; β1 = K 212 A
(
u − C1
C1
+ K 212
)−1
β1 = K 412 A
C1
u − C1 + C1 K 212
(15)
From the last of (15) it follows that
∂β1
∂t
= ∂β1
∂C1
∂C1
∂t
+ ∂β1
∂u
∂u
∂t
(16)
∂β1
∂C1
= K 412 A
u − C1 + C1 K 212 − (K 212 − 1)(
u − C1 + C1 K 212
)2 (17)
∂β1
∂u
= −K
4
12 AC1(
u − C1 + C1 K 212
)2 (18)
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Introducing (16)–(18) into (1) allows writing the partial differential equation governing
the evolution of C1
[
1 + γ
2
K 412 A
u − C1 + C1 K 212 − (K 212 − 1)(
u − C1 + C1 K 212
)2
]
∂C1
∂t
−
[
K 412 AC1(
u − C1 + C1 K 212
)2
]
∂u
∂t
= − v
φ
∂C1
∂x
+ D ∂
2C1
∂x2
(19)
Equation (19) is nonlinear in C1 and is solved numerically. Note that (19) has the for-
mat of a classical ADE with a retardation and decay term (the second term on the left
hand side). The retardation factor is highly non-linear. The decay term can be either pos-
itive or negative, depending on the sign of ∂u/∂t . Once C1 is known, one can calculate
C2 as
C2 = u − C1 (20)
Appendix 3
See Tables 5 and 6.
Table 5 Saturation indices associated with the input solution
MINERAL log IAPa Sat. Indexb Stoichiometry and mineral components
Atacamite 7.412 0.021 2 Cu2+ 3 H2O −3 H+ 1 Cl−
Cu(OH)2(s) 7.331 −1.959 1 Cu2+ 2 H2O −2 H+
Lime 7.318 −25.381 −2 H+ 1 Ca2+ 1 H2O
Melanothallite −7.169 −13.427 1 Cu2+ 2 Cl−
Portlandite 7.318 −15.386 1 Ca2+ 2 H2O −2 H+
Tenorite(am) 7.331 −1.159 1 Cu2+ 1 H2O −2 H+
Tenorite(c) 7.331 −0.309 1 Cu2+ −2 H+ 1 H2O
Zincite 7.389 −3.841 1 Zn2+ 1 H2O −2 H+
Zn(OH)2 (am) 7.389 −5.085 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (β) 7.389 −4.365 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (δ) 7.389 −4.455 1 Zn2+ −2 H+ 2 H2O
Zn(OH)2 (ε) 7.389 −4.145 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (γ) 7.389 −4.345 1 Zn2+ 2 H2O −2 H+
Zn2(OH)3Cl(s) 7.527 −7.664 2 Zn2+ 3 H2O −3 H+ 1 Cl−
Zn5(OH)8Cl2(s) 22.443 −16.057 −8 H+ 5 Zn+2 8 H2O 2 Cl−
ZnCl2(s) −7.112 −14.162 1 Zn2+ 2 Cl−
a IAP is the Ion Activity Product and b saturation index is calculated as log(IAP/Ks), Ks being the equilibrium
constant of the precipitation/dissolution reaction
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Table 6 Saturation indices associated with the solution corresponding to the peak value of Zn2+ concentration
Mineral log IAPa Sat.Indexb Stoichiometry and mineral components
Cu(OH)2(s) −4.02 −13.31 1 Cu2+ 2 H2O −2 H+
Lime 9.167 −23.532 −2 H+ 1 Ca2+ 1 H2O
Melanothallite −20.359 −26.617 1 Cu2+ 2 Cl−
Portlandite 9.167 −13.537 1 Ca2+ 2 H2O −2 H+
Tenorite(am) −4.02 −12.51 1 Cu2+ 1 H2O −2 H+
Tenorite(c) −4.02 −11.66 1 Cu2+ −2 H+ 1 H2O
Zincite 9.434 −1.796 1 Zn2+ 1 H2O −2 H+
Zn(OH)2 (am) 9.434 −3.04 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (β) 9.434 −2.32 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (δ) 9.434 −2.41 1 Zn2+ −2 H+ 2 H2O
Zn(OH)2(ε) 9.434 −2.1 1 Zn2+ 2 H2O −2 H+
Zn(OH)2 (γ) 9.434 −2.3 1 Zn2+ 2 H2O −2 H+
Zn2(OH)3Cl(s) 10.698 −4.493 2 Zn2+ 3 H2O −3 H+ 1 Cl−
Zn5(OH)8Cl2(s) 30.83 −7.67 −8 H+ 5 Zn2+ 8 H2O 2 Cl−
ZnCl2(s) −6.906 −13.956 1 Zn2+ 2 Cl−
a IAP is the ion activity product and b saturation index is calculated as log(IAP/Ks), Ks being the equilibrium
constant of the precipitation/dissolution reaction
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